Wiggler and undulator insertion devices are very powerful sources which allow new approaches in the design of synchrotron x -ray lithography systems. The principal advantage of insertion devices is that they can be used as narrow bandwidth high throughput lithography sources at any wavelength. For a wiggler the increased flux can be continuously traded off against beam current, horizontal beam angle and bandwidth. The undulator offers several watts of power in a narrow 1% bandwidth and has a very compact beam (0.05 mr) which must be scanned both horizontally and vertically. Insertion "devices could thus be used in an evolutionary way with conventional x -ray tube technologies or in a revolutionary way at high contrast very soft x -ray wavelengths.
A systems design approach is used to identify feasible options for wiggler and undulator beam lines for x-ray lithography in the 0.5-0.2 yum linewidth region over 5 cm by 5 cm fields. Typical parameters from the Wiggler and Undulator in the Advanced Light Source designed at the Lawrence Berkeley Laboratory are used as examples. Moving from the conventional wavelengths of 4-9 A to very soft wavelengths around 15 A is shown to be very promising. The mask absorber thickness can be reduced a factor of three so that 0.2 fj,m features can be made with a 1:1 mask aspect ratio. The mask heating Umited exposure time is also reduced a factor of three to 3 sec/cm . However, extremely thin beam line windows (1/4 mil Be) and mask supports (1 //m Si) must be used. A wiggler beam line design using a small slit window at a scanning mirror appears feasible, A unconventional, windowless differentially pumped beam line with dual deflecting mirrors could be used with an undulator source.
I. Introduction
X-ray lithography is one of the most promising approaches for high volume 1C production. To follow the success of optical lithography the effective writing speed of x-ray systems must be on the order of 2 cm /sec at a net cost of about $2.00 per level. X-Ray systems are now commercially available [1, 2] which use conventional electron beam x-ray tubes. They will likely be successful on special products down to 0.5 yum linewidths but will rely heavily on the use of very sensitive resists and multilayer pattern transfer techniques. Bending magnet synchrotron sources are being investigated [3] as much more powerful sources for use with robust single layer resists at linewidths down to 0.1 /j,, Wiggler and undulator sources offer a two order cf magnitude increase in flux [4, 5] which allows flexible tradeoffs for improved performance.
The goal of this paper is to examine how wigglers and undulators might best be utilized in an x-ray lithography system. Here a high throughput system for linewidths in the 0.5-0.2 fj, range over a 5 cm by 5 cm fleld is envisioned. Large wafers could be handled with this system by making a number of steps depending on wafer distortion and mask runout. The real advantage of the insertion devices over a bending magnet is that they have sufficient power for narrow band operation. This would allow the mask and resist technologies developed for conventional x-ray tube sources to be adapted to syn-chrotron sources in an evolutionary manner. With true wavelength flexibility the use of absorption edges in resists and windows can be more fully exploited. More importantly, for the first time it is feasible in high throughput systems to move into the very soft x -ray region 13 -16 A where very high contrast is available [6] .
The characteristics of wigglers and undulators are first discussed in Section II. Section III presents the case for using very soft 15 A x -rays. Wiggler and undulator beam line design strategies are given in Sections IV and V for the challenging case of 15 A operation.
II. Characteristics of insertion devices
Wiggler and undulator devices consist of arrays of alternating magnetic field polarity which laterally deflect the electron beam. A sketch of a wiggler structure is shown in Figure 1 . The essential feature is the periodic array of magnet pairs which form the array pole pairs. The development by Halbach [7] of insertion devices which use rare earth permanent magnets has made possible very powerful x -ray sources. An undulator is basically similar in appearance. Suitable examples of insertion devices for lithography can be found in the wiggler E and undulator D specifications in the Advanced Light Source machine design [5] . Wiggler E has 25, 10 cm periods for a total length of 2.5 m. Undulator D has 142, 3.5 cm long periods and a total length of 5 M. The wiggler requires a higher magnetic field (1.6T) than is used with the undulator (0.57T). 
65
The wiggler utilizes N pole pairs to achieve a 2N increase in flux over a limited horizontal angle (±4 mr) for wiggler E). The spectrum of the wiggler is basically a 2N upward shift of the bending magnet spectrum. This can be seen in the spectra shown in Figure 2 . The higher flux could be used to address other system problems such as beam current, horizontal beam angle or bandwidth. Undulators utilize coherent addition of gnals from the arrayed pole pairs to produce an N flux increase. However, the coherent interaction produces a narrow bandwidth (1 %) and a narrow horizontal beam angle (0.5 mr). The undulator typically has extremely high brilliance over a narrow bandwidth as shown in Figure 2 . Note the presence of harmonics as well. The desired 5th harmonic at 827 ev (15 A) is accompanied by undesired radiation at the 3rd (25 A) and 7th (10.7 A) harmonics. A basic comparison of typical beam line parameters and writing speeds is shown in Figure 3 . As a point of reference the two optimized bending magnet sources described by Grobman [3] are shown. The use of a non -optimized source, SPEAR [8] , is also included. The bending magnet sources all operate in a broadband mode (4 -14 A) centered around 8 -9 A. They use a 1 mil Be window with 3.0 µm silicon and 2.0 µm of polymer. The sequence of bending magnet cases shows the need for simultaneous high beam current, large horizontal angle and broad spectrum.
Several cases of wiggler and undulator sources for x-ray lithography are given in Figure 3 . These devices are evaluated in systems operating near 15 A where it is difficult to get high delivery efficiency. Results at other wavelengths would however be roughly similar. The wiggler narrowband (1 %) system shows the same writing speed as the small optimized bending magnet. Yet this speed is accomplished with one 50th the bandwidth and one tenth the horizontal beam angle. The narrow bandwidth is assumed to be made possible by a multilayer mirror with a 40% reflectivity. As an alternative to this mirror a small partial pressure of Ne gas along the chrotron sources in an evolutionary manner. With true wavelength flexibility the use of absorption edges in resists and windows can be more fully exploited. More importantly, for the first time it is feasible in high throughput systems to move into the very soft x-ray region 13-16 A where very high contrast is available [6] .
The characteristics of wigglers and undulators are first discussed in Section II. Section III presents the case for using very soft 15 A x-rays. Wiggler and undulator beam line design strategies are given in Sections IV and V for the challenging case of 15 A operation.
fl. Characteristics of insertion devices
Wiggler and undulator devices consist of arrays of alternating magnetic field polarity which laterally deflect the electron beam. A sketch of a wiggler structure is shown in Figure 1 . The essential feature is the periodic array of magnet pairs which form the array pole pairs. The development by Halbach [7] of insertion devices which use rare earth permanent magnets has made possible very powerful x-ray sources. An undulator is basically similar in appearance. Suitable examples of insertion devices for lithography can be found in the wiggler E and undulator D specifications in the Advanced Light Source machine design [5] . Wiggler E has 25, 10 cm periods for a total length of 2.5 m. Undulator D has 142, 3.5 cm long periods and a total length of 5 M. The wiggler requires a higher magnetic field (1.6T) than is used with the undulator (0.57T).
Vanadium Permendur pole piece ---Oriented REC blocks
Tuning studs Figure 1 . Physical structure of a wiggler showing the periodic array of alternating magnetic field polarities. The undulator physical structure is similar.
The wiggler utilizes N pole pairs to achieve a 2N increase in flux over a limited horizontal angle (±4 mr) for wiggler E). The spectrum of the wiggler is basicaUy a 2N upward shift of the bending magnet spectrum. This can be seen in the spectra shown in Figure 2 . The higher flux could be used to address other system problems such as beam current, horizontal beam angle or bandwidth. Undulators utilize coherent addition of signals from the arrayed pole pairs to produce an N flux increase. However, the coherent interaction produces a narrow bandwidth (1%) and a narrow horizontal beam angle (0.5 mr). The undulator typically has extremely high brilliance over a narrow bandwidth as shown in Figure 2 . Note the presence of harmonics as well. The desired 5th harmonic at 827 ev (15 A) is accompanied by undesired radiation at the 3rd (25 A) and 7th (10.7 A) harmonics. A basic comparison of typical beam line parameters and writing speeds is shown in Figure 3 . As a point of reference the two optimized bending magnet sources described by Grobman [3] are shown. The use of a non-optimized source, SPEAR [8] , is also included. The bending magnet sources all operate in a broadband mode (4-14 A) centered around 8-9 A. They use a 1 mil Be window with 3.0 /xm silicon and 2.0 //m of polymer. The sequence of bending magnet cases shows the need for simultaneous high beam current, large horizontal angle and broad spectrum.
Several cases of wiggler and undulator sources for x-ray lithography are given in Figure 3 . These devices are evaluated in systems operating near 15 A where it is difficult to get high delivery efficiency. Results at other wavelengths would however be roughly similar. The wiggler narrowband (1%) system shows the same writing speed as the small optimized bending magnet. Yet this speed is accomplished with one 50th the bandwidth and one tenth the horizontal beam angle. The narrow bandwidth is assumed to be made possible by a multilayer mirror with a 40% reflectivity. As an alternative to this mirror a small partial pressure of Ne gas along the Synchrotron X -Ray Lithography Systems X -Ray lithography faces many technology problems other than source power which must be simultaneously advanced. These include mask fabrication, alignment, pattern transfer and defect density. The flexibility of wiggler and undulator devices can be used to impact some of these technology problems. One promising approach is to shift the wavelength of operation to the very soft 15 A region. Such a change would allow a reduction in mask absorber thickness which would benefit mask fabrication, detection of alignment marks, and possibly defect density. Resist loading with fluorine [9] would also be possible.
The gold thickness required to adequately mask is shown in Figure 4 as a function of wavelength.
Here the traditional optical lithography definition of contrast as (max -min) /(max +min) is used. The calculation is based on the data of Viegle [10] . A contrast of 0.85 is viewed as just adequate for lithography and corresponds to a factor of 12 attenuation by the absorber. The required absorber thickness decreases rapidly as the wavelength increases. By moving from 8 -9 A to 15 A the absorber thickness can be reduced a factor of 3 to 0.2 A. Thus the mask pattern height to linewidth aspect ratio can be reduced at 0.2 µm resolution from 3 to 1. This reduction is not possible even with bending magnet sources as additional thickness is needed to mask the short wavelengths in the broadband spectrum. 
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There are several other issues which must be considered in moving the exposing wavelength to 15 A. To compensate for the effect of the resist absorption in lowering the contrast between the bottom of the exposed resist and the top of the masked resist, the mask thickness must be increased slightly (from 0.185 to 2.3 tm). The diffraction of the x -rays passing through the mask limits the mask to wafer spacing to 17 Am for 0.2 µm features at 15 A [11, 12] . Mask heating and the resulting distortion will likely limit the flux density to 100 mW /cm [13] . For exposure of PMMA at 1000) /cm3 this results in a writing time of 10 sec at 9 A which reduces to a more favorable 3 sec at 15 A.
The most likely limitation in going to 15 A is the absorption of the intermediate windows, mask support and atmosphere on the way to the resist. This is illustrated in Figure 5 where the effective writing speed for exposing the top of a PMMA resist to 1000) /cm3 is shown. The only intervening materials are a Be window of various thicknesses and a 1 hem Si mask support. The initial reduction in effective writing speed due to increased resist absorption is quickly over powered by the increase due to window absorption. For operation at 15 A, a 1/4 mil Be window produces almost a 3 fold decrease in the writing speed. Thicker windows are unacceptable. Thus the capability to build beam lines with extremely thin windows is probably the most critical issue for operation at 15 A.
IV. Wiggler beam line strategies
Conceptual designs for lithography beam lines will now be considered in detail to establish the feasibility of operating at 15 A. The intent here is to put forward several new approaches which have been created to handle the characteristics of the wiggler and undulator devices. These designs are beam line from the mirror could be used to filter out wavelengths harder than 14.3 A. This would produce about a 15% band pass filter and give an order of magnitude increase in writing speed. For true narrow band operation (1%) the undulator is the best as its spectrum is prefiltered. The undulator radiation pattern is sufficiently compact that a windowless differentially pumped beam line is possible. The writing speed is a respectable 1.8 cm /sec.
Synchrotron X-Ray Lithography Systems

ffi. Use of very soft 15 A x-rays
X-Ray lithography faces many technology problems other than source power which must be simultaneously advanced. These include mask fabrication, alignment, pattern transfer and defect density. The flexibility of wiggler and undulator devices can be used to impact some of these technology problems. One promising approach is to shift the wavelength of operation to the very soft 15 A region. Such a change would allow a reduction in mask absorber thickness which would benefit mask fabrication, detection of alignment marks, and possibly defect density. Resist loading with fluorine [9] would also be possible.
Here the traditional optical lithography definition of contrast as (max-min)/(max+min) is used. The calculation is based on the data of Viegle [lO] . A contrast of 0.85 is viewed as just adequate for lithography and corresponds to a factor of 12 attenuation by the absorber. The required absorber thickness decreases rapidly as the wavelength increases. By moving from 8-9 A to 15 A the absorber thickness can be reduced a factor of 3 to 0.2 //. Thus the mask pattern height to linewidth aspect ratio can be reduced at 0.2 f*m resolution from 3 to 1. This reduction is not possible even with bending magnet sources as additional thickness is needed to mask the short wavelengths in the broadband spectrum. Au absorber 12 15 Wavelength (A) There are several other issues which must be considered in moving the exposing wavelength to 15 A. To compensate for the effect of the resist absorption in lowering the contrast between the bottom of the exposed resist and the top of the masked resist, the mask thickness must be increased slightly (from 0.185 to 2.3 /J,m). The diffraction of the x-rays passing through the mask limits the mask to wafer spacing to 17 ^m for 0.2 jim features at 15 A[l 1, 12] . Mask heating and the resulting distortion will likely limit the flux density to 100 mW/crcr [13] . For exposure of PMMA at 1000J/cm3 this results in a writing time of 10 sec at 9 A which reduces to a more favorable 3 sec at 15 A.
The most likely limitation in going to 15 A is the absorption of the intermediate windows, mask support and atmosphere on the way to the resist. This is illustrated in Figure 5 where the effective writing speed for exposing the top of a PMMA resist to 1000J/cm3 is shown. The only intervening materials are a Be window of various thicknesses and a 1 /xm Si mask support. The initial reduction in effective writing speed due to increased resist absorption is quickly over powered by the increase due to window absorption. For operation at 15 A, a 1/4 mil Be window produces almost a 3 fold decrease in the writing speed. Thicker windows are unacceptable. Thus the capability to build beam lines with extremely thin windows is probably the most critical issue for operation at 15 A.
IV. Wiggler beam line strategies
Conceptual designs for lithography beam lines will now be considered in detail to establish the feasibility of operating at 15 A. The intent here is to put forward several new approaches which have been created to handle the characteristics of the wiggler and undulator devices. These designs are merely plausible approaches from which more useful designs will hopefully evolve.
A possible beam line design for a wiggler at 15 A is shown in Figure 6 . The primary design considerations are the cooling gas, reducing the window size, minimizing the flux attenuation, scanning the beam gfriri i10 Undulator or Wiggler vertically and constructing a narrow bandwidth filter. For cooling a small pressure of 50 Torr of He should suffice [ 14] . The He could extend back up the beam line to the mirror chamber to allow a very small window to be used. A valve is used to isolate the exposure chamber. The window could be 3 mm high which could handle a load of 5 W in a 1 mm high beam. For writing speed the window could at most be 1/4 mil thick. To produce a 5 cm wide field 20 m from the source the window would need to be 3 cm long. The relatively small beam size would also allow the window to be replaced by a differentially pumped section similar to those which will be described for use with undulators. Scanning could be accomplished by rotating a grazing incidence mirror ±2.5 mr to cover a 5 cm high field 10 m away at the wafer location.
The most difficult problem is high throughput, narrow bandwidth filtering. Multilayer mirrors as developed by Barbee [15] appear promising. For a 1% bandwidth an efficiency of 20% has been obtained and up to 40% efficiency is theoretically possible [16] . A single multilayer mirror would deflect the beam at a net angle of about 45 °. Two such mirrors could be used to compensate each other as shown in Figure 7 . A pair of these mirrors could also deflect the beam 90° and conventional horizontal mask and wafer stages might be used. The design of a high throughput, narrow bandwith filter presents an interesting challenge to multilayer mirror technology. merely plausible approaches from which more useful designs will hopefully evolve.
Lithography Beam Lines
A possible beam line design for a wiggler at 15 A is shown in Figure 6 . The primary design considerations are the cooling gas, reducing the window size, minimizing the flux attenuation, scanning the beam vertically and constructing a narrow bandwidth filter. For cooling a small pressure of 50 Torr of He should suffice[l4]. The He could extend back up the beam line to the mirror chamber to allow a very small window to be used. A valve is used to isolate the exposure chamber. The window could be 3 mm high which could handle a load of 5 W in a 1 mm high beam. For writing speed the window could at most be 1/4 mil thick. To produce a 5 cm wide field 20 m from the source the window would need to be 3 cm long. The relatively small be am size would also allow the window to be replaced by a differentially pumped section similar to those which will be described for use with undulators. Scanning could be accomplished by rotating a grazing incidence mirror ±2.5 mr to cover a 5 cm high field 10m away at the wafer location.
The most difficult problem is high throughput, narrow bandwidth filtering. Multilayer mirrors as developed by Barbee [15] appear promising. For a 1% bandwidth an efficiency of 20% has been obtained and up to 40% efficiency is theoretically possible [16] . A single multilayer mirror would deflect the beam at a net angle of about 45°. Two such mirrors could be used to compensate each other as shown in Figure 7 . A pair of these mirrors could also deflect the beam 90° and conventional horizontal mask and wafer stages might be used. The design of a high throughput, narrow bandwith filter presents an interesting challenge to multilayer mirror technology. The throughput of the wiggler system just described can I calculated as follows. Wiggler E produces 5X10 photons /(sec mr 0.1 %BW) which corresponds to 1.65 W over a 2.5 =angle in a 1% bandwidth at 15 A. Assuming a single multilayer mirror which would deflect the beam about 45° the combined filter and scanning mirror efficiency of 0.32 would be typical. Using a window window efficiency of 0.39 only 15% of the power will reach the mask. The mask transmission is 0.56 so 9% or 0.14 W is incident on the resist. The effective writing sped of PMMA at a dose of 1000J/cm3 is about 0.8 cm /sec. An increased horizontal beam angle up to 8 mr could be used to boost the throughput. This may not be necessary as other robust resists which are up to 10 times faster than PMMA might be used.
As an alternative to a narrow bandwith filter, a small partial pressure of Ne gas in the beam line could be used to filter out radiation harder than 14.3 A. The silicon in the mask support would also help eliminate radiation harder than 6.7 A. The long wavelengths would naturally be eliminated by the increase in the Be, He, Ne, and Si absorption constants as the third power of wavelength. A proper design would weigh the tradeoffs carefully and might require a slight modification of the wiggler parameters to more rapidly roll off the hard radiation. The remaining natural bandwidth is about 15 %. This would give an order of magnitude increase in writing speed as in the 15% wiggler example indicated in Figure 3 .
V. Undulator beam line strategies
A possible beam line for an undulator source is shown in Figure 6 . The key design issues are cooling the mask, elimination of windows, a dual scanning system, and filtering out the undesired undulator harmonics. Again 50 Torr of He is used for cooling which allows the optical components to be located 10 m from the wafer which is 20 m from the source. The natural choice for the undulator 68 energy is the 5th harmonic which is in the vicinity of 827 ev corresponding to 15 A. The power in the 1% bandwidth of this harmonic is about 2 W. At 10 m from the source the beam size is an ellipse 0.5 mmby0.2mm. The flux is so high that even a3mm diameter window would not have adequate strength at the resulting operating temperature. However, the beam is sufficiently compact that a differential pumping system could be used to eliminate the need for a high vacuum window.
A possible windowless differential pumping system is shown in Figure 8 . The system is based on using several 100:1 length diameter sections each of which can drop about three orders of magnitude in pressure. A 3mm diameter section is used between the machine vacuum and the scanning optics chamber. An identical section is used down line from the chamber. A third 5 mm diameter section is used to reach the 50 Torr He atmosphere. The He consumption will be tollerable as one cylinder would last three days. It is also possible to recycle the He from the turbomolecular pump. A similar windowless differential pumping system could be designed for use with the wiggler but would require five rather than three sections and the He consumption would be more than 10 times higher. A dual mirror scanning system for the undulator line is shown in Figure 9 . By itself the undulator beam would form an elliptical spot lmm wide by 0.4 mm high on the wafer 20 m from the source. Deflection ±2.5 mr in both the vertical and horizontal directions would be necessary to illuminate a 5 cm by 5 cm area. The first mirror deflects the beam horizontally and the second deflects vertically. This can be carried out using 5 cm long mirrors at 1°g razing incidence. The maximum scanning deflection angle is only about half of the acceptance angle of the differentially pumped sections.
The writing speed for this undulator system can be calculated as follows. The spectral brilliance of the 5th harmonic of undulator D tuned to 15 A would be 1.5x10 15 photons /(sec 0.1 %BW). Thus the available flux in a 1% bandwidth peak is about 2 W of power. Assuming a scanning mirror efficiency of 75% and a 39% transmission through the He atmo- The throughput of the wiggler system just described can be calculated as follows. Wiggler E produces 5X10
photons/(sec mr 0.1%BW) which corresponds to 1.65 Wover a 2.5 mr angle in a 1% bandwidth at 15 A. Assuming a single multilayer mirror which would deflect the beam about 45° the combined filter and scanning mirror efficiency of 0.32 would be typical. Using a window window efficiency of 0.39 only 15% of the power will reach the mask. The mask transmission is 0.56 so 9% or 0.14 W is incident on the resist. The effective writing spsfd of PMMA at a dose of 1000J/cm3 is about 0.8 cm /sec. An increased horizontal beam angle up to 8 mr could be used to boost the throughput. This may not be necessary as other robust resists which are up to 10 times faster than PMMA might be used.
As an alternative to a narrow bandwith filter, a small partial pressure of Ne gas in the beam line could be used to filter out radiation harder than 14.3 A. The silicon in the mask support would also help eliminate radiation harder than 6.7 A. The long wavelengths would naturally be eliminated by the increase in the Be, He, Ne, and Si absorption constants as the third power of wavelength. A proper design would weigh the tradeoffs carefully and might require a slight modification of the wiggler parameters to more rapidly roll off the hard radiation. The remaining natural bandwidth is about 15%. This would give an order of magnitude increase in writing speed as in the 15% wiggler example indicated in Figure 3 .
A possible beam line for an undulator source is shown in Figure 6 . The key design issues are cooling the mask, elimination of windows, a dual scanning system, and filtering out the undesired undulator harmonics. Again 50 Torr of He is used for cooling which allows the optical components to be located 10m from the wafer which is 20 m from the source. The natural choice for the undulator energy is the 5th harmonic which is in the vicinity of 827 ev corresponding to 15 A. The power in the 1% bandwidth of this harmonic is about 2 W. At 10 mfrom the source the beam size is an ellipse 0.5 mm by 0.2 mm. The flux is so high that even a 3 mm diameter window would not have adequate strength at the resulting operating temperature. However, the beam is sufficiently compact that a differential pumping system could be used to eliminate the need for a high vacuum window.
A possible windowless differential pumping system is shown in Figure 8 . The system is based on using several 100:1 length diameter sections each of which can drop about three orders of magnitude in pressure. A 3mm diameter section is used between the machine vacuum and the scanning optics chamber. An identical section is used down line from the chamber. A third 5 mm diameter section is used to reach the 50 Torr He atmosphere. The He consumption will be tollerable as one cylinder would last three days. It is also possible to recycle the He from the turbomolecular pump. A similar windowless differential pumping system could be designed for use with the wiggler but would require five rather than three sections and the He consumption would be more than 10 times higher. A dual mirror scanning system for the undulator line is shown in Figure 9 . By itself the undulator beam would form an elliptical spot 1mm wide by 0.4 mm high on the wafer 20 m from the source. Deflection ±2.5 mr in both the vertical and horizontal directions would be necessary to illuminate a 5 cm by 5 cm area. The first mirror deflects the beam horizontally and the second deflects vertically. This can be carried out using 5 cm long mirrors at 1° grazing incidence. The maximum scanning deflection angle is only about half of the acceptance angle of the differentially pumped sections.
Undulator Pumping System
The writing speed for this undulator system can be calculated as follows. The spectral brilliance of the 5th harmonk: of undulator D tuned to 15 A would be 1.5xl0 lb photons/(sec 0.1%BW). Thus the available flux in a 1% bandwidth peak is about 2 W of power. Assuming a scanning mirror efficiency of 75% and a 39% transmission through the He atmo- sphere almost 600 mW reaches the mask. With the 1 µm Si mask support over 300 mW is incidejg.t. on the resist the effective writing speed is 1.8 cm /sec. This flux level at the mask woy.ld necessitate rapid scanning over at least a 6 cm area.
To make a useable lithography system it is necessary to develop ways of eliminating the undesired 3rd and 7th harmonic exposure contributions. The third harmonic contribution at 25 A can easily be eliminated with the He gas atmosphere. The 7th harmonic contribution can be eliminated with a Ne environment but it is best if this filtering function could be folded into the scanning mirror design instead. The ability of a mirror at grazing incidence to rapidly cutoff depends critically on the optical constants of the mirror material. An example of the transmission of both Cu and Mg mirrors as a function of angle of incidence is shown in Figure 10 for both the 5th and 7th harmonics. The values show are the product of the s and p reflectivities as would occur in a dual scanning systern. It has been calculated using the Fresnel formulas (see Rehn [17] ) using the data of Hagmann et al. [18] . With Cu (and Au as well) the roll off of the 7th harmonic transmission is not very rapid due to a large k/6 value. Thus at 757. transmission of the 5th harmonic the relative suppression of th 7th harmonic is only a factor of 4. For Mg which has a small kid the roll off gives excellent rejection of a factor of over 1000. Multilayer scanning mirror materials are a third possibility in addition to Cu and Mg.
Three undulator beam line approaches can be based on the three options for mirror materials mentioned above. To evaluate each of these designs an exposure index is defined as the product of the flux transmission times the effectiveness of the exposure in PMMA relative to an exposure at the 5th harmonic ( used and eliminate the unwanted harmonics with Ne and He. An attractive alternative is to use Mg mirrors which eliminate the 7th harmonic and then use a He atmosphere to absorb the 3rd harmonic. Finally, a single multilayer mirror together with a Cu mirror might be used to filter out both the 3rd and 7th harmonic.
The efficiency budgets for these three designs are shown in Figures 11 -13 . In all cases the minimal amount of Ne and He has been used. Tj2ie resulting writing speeds are all in the 1.5 -2.0 cm /sec and the Mg mirror case was selected as the undulator example in Figure 3 . The specifications chosen for the multilayer mirror case represent the minimal undulator harmonic rejection ratio (30) and reflectivity (0.4) which would be required to be comparable to the other two approaches. A careful consideration of design tradeoffs possible with multilayer mirrors is needed. sphere almost 600 mW reaches the mask. With the 1 ^m Si mask support over 300 mW is incident on the resist the effective writing speed is 1.8 cm /sec. This flux level at the mask would necessitate rapid scanning over at least a 6 cm area.
To make a useable lithography system it is necessary to develop ways of eliminating the undesired 3rd and 7th harmonic exposure contributions. The third harmonic contribution at 25 A can easily be eliminated with the He gas atmosphere. The 7th harmonic contribution can be eliminated with a Ne environment but it is best if this filtering function could be folded into the scanning mirror design instead. The ability of a mirror at grazing incidence to rapidly cutoff depends critically on the optical constants of the mirror material. An example of the transmission of both Cu and Mg mirrors as a function of angle of incidence is shown in Figure 10 for both the 5th and 7th harmonics. The values show are the product of the s and p reflectivities as would occur in a dual scanning system. It has been calculated using the Fresnel formulas (see Rehn[l7] ) using the data of Hagmann et al. [lB] . With Cu (and Au as well) the roll off of the 7th harmonic transmission is not very rapid due to a large k/0 value. Thus at 75% transmission of the 5th harmonic the relative suppression of th 7th harmonic is only a factor of 4. For Mg which has a small k/(5 the roll off gives excellent rejection of a factor of over 1000. Multilayer scanning mirror materials are a third possibility in addition to Cu and Mg.
Three undulator beam line approaches can be based on the three options for mirror materials mentioned above. To evaluate each of these designs an exposure index is defined as the product of the flux transmission times the effectiveness of the exposure in PMMA relative to an exposure at the 5th harmonic (15 A Incident angle (mR) Figure 10 . Dual scanning mirror transmission as a function of the grazing incidence angle for Cu and Mg at the 5th (15 A) and 7th (10.7 A) harmonics.
used and eliminate the unwanted harmonics with Ne and He. An attractive alternative is to use Mg mirrors which eliminate the 7th harmonic and then use a He atmosphere to absorb the 3rd harmonic. Finally, a single multilayer mirror together with a Cu mirror might be used to filter out both the 3rd and 7th harmonic.
The efficiency budgets for these three designs are shown in Figures 11-13 . In all cases the minimal amount of Ne and He has been used. The resulting writing speeds are all in the 1.5-2.0 cm /sec and the Mg mirror case was selected as the undulator example in Figure 3 . The specifications chosen for the multilayer mirror case represent the minimal undulator harmonic rejection ratio (30) and reflectivity (0.4) which would be required to be comparable to the other two approaches. A careful consideration of design tradeoffs possible with multilayer mirrors is needed. Figure 12 . Beam line efficiency budget using Mg mirrors to attenuate the 7th harmonic.
VI. Conclusion
Insertion devices in synchrotrons offer a two order of magnitude increase in available flux for lithography. In the case of the wiggler the increased flux can be continuously traded off against beam current, horizontal beam angle and bandwidth. Undulators offer several watts of power in a narrow bandwidth (1 %) and have a very compact beam (0.05 mr) which must be scanned both horizontally and vertically.
The beam line designs for wigglers are similar to those for bending magnets with more attention paid to selecting a desired portion of the spectrum. Delivery Efficiency to Mask = 32% Figure 13 . Beam line efficiency budget using a multilayer mirror to attenuate both the 3rd and 7th
harmonics.
used for this purpose. Undulator beam lines require unconventional approaches such as differential pumping and dual scanning mirrors. It is preferable to use mirror materials such as Mg which give a sharp rejection of the 7th harmonic but absorption edge filters could also be used.
The possibility of narrow bandwidth exposure with insertion devices offers significant advantages in lithography. Mask and resist technologies developed for conventional x -ray tubes could be directly utilized in an evolutionary manner. Further optimization of materials properties could be made with a flexible wavelength choice. Moving from conventional wavelengths 4 -9 A to very soft wavelengths around 15 A appears very promising. The mask absorber thickness can be reduced a factor of three so that 0.2 Am features can be made with a 1:1 mask aspect ratio. The mask heating limited exposure time,is also decreased a factor of three to 3 sec/cm'. However, extremely thin beam line windows (1/4 mil Be) and mask supports (1 Am Si) must be used. This could be accomplished in a wiggler system by using a very small slit window at the scanning mirror. For the undulator system windowless differential pumping has been shown to be feasible.
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VI. Conclusion
Insertion devices in synchrotrons offer a two order of magnitude increase in available flux for lithography. In the case of the wiggler the increased flux can be continuously traded off against beam current, horizontal beam angle and bandwidth. Undulators offer several watts of power in a narrow bandwidth (1%) and have a very compact beam (0.05 mr) which must be scanned both horizontally and vertically.
The beam line designs for wigglers are similar to those for bending magnets with more attention paid to selecting a desired portion of the spectrum. Multilayer mirrors or absorption edge filters might be used for this purpose. Undulator beam lines require unconventional approaches such as differential pumping and dual scanning mirrors. It is preferable to use mirror materials such as Mg which give a sharp rejection of the 7th harmonic but absorption edge filters could also be used.
The possibility of narrow bandwidth exposure with insertion devices offers significant advantages in lithography. Mask and resist technologies developed for conventional x-ray tubes could be directly utilized in an evolutionary manner. Further optimization of materials properties could be made with a flexible wavelength choice. Moving from conventional wavelengths 4-9 A to very soft wavelengths around 15 A appears very promising. The mask absorber thickness can be reduced a factor of three so that 0.2 pm features can be made with a 1:1 mask aspect ratio. The mask heating limited exposure time is also decreased a factor of three to 3 sec/cm . However, extremely thin beam line windows (1/4 mil Be) and mask supports (1 /zm Si) must be used. This could be accomplished in a wiggler system by using a very small slit window at the scanning mirror. For the undulator system windowless differential pumping has been shown to be feasible.
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